Two types of submerged membrane bioreactors (MBR): hollow fiber (HF) and hollow sheet (HS), have been studied and compared in terms of energy consumption and average shear stress over the membrane wall. The analysis of energy consumption was made using the correlation to determine the blower power and the blower power demand per unit of permeate volume. Results showed that for the system geometries considered, in terms the of the blower power, the HF MBR requires less power compared to HS MBR. However, in terms of blower power per unit of permeate volume, the HS MBR requires less energy. The analysis of shear stress over the membrane surface was made using computational fluid dynamics (CFD) modelling. Experimental measurements for the HF MBR were compared with the CFD model and an error less that 8% was obtained. For the HS MBR, experimental measurements of velocity profiles were made and an error of 11% was found. This work uses an empirical relationship to determine the shear stress based on the ratio of aeration blower power to tank volume. This relationship is used in bubble column reactors and it is extrapolate to determine shear stress on MBR systems. This relationship proved to be overestimated by 28% compared to experimental measurements and CFD results. Therefore, a corrective factor is included in the relationship in order to account for the membrane placed inside the bioreactor.
Greek symbols δ -channel space separation for HS, m ϕ -packing density for HF, m 2 /m 3 γ -shear rate, s −1 λ -ratio of specific heat capacity at constant pressure to specific heat capacity at constant volume, = 1.4 for air µ -viscosity, Pas νe -number of electrons involved in the reaction, = 1 ρw -density of water, 998.28 kg/m 3 at 20 o C τ -shear stress, Pa by membrane filtration, known as membrane bioreactors (MBR) (Fig. 2) . The latter gives rise to superior effluent quality compared to the CAS. The MBR hydrodynamics are similar to bubble columns operation, with the difference that a membrane is placed inside the bubble column to extract the clean water. The placement of the membrane inside the column affects behaviour of the bubbles [2] [3] [4] . The main drawback of MBR systems is the fouling of the membrane, which results in frequent cleaning and replacement, making this system less appealing for full-scale applications [1] . This hampers its commercialization due to reduction of productivity and increased maintenance and operational cost.
This membrane fouling is caused by the attachment of suspended solids and soluble substances on the membrane surface. It is the major barrier for a widespread application of MBR technology. Different types of fouling can be identified [5, 6] :
• Clogging is a progressive accumulation of dry sludge in module volume, starting from "dead zones" in the reactor.
• Sludging refers to an accumulation of sludge at the surface of the membrane.
• Fouling represents all mechanisms of cake building, plus adsorption/ blockage into membrane material.
In MBR, the hydrodynamics are of great importance for reducing sludge deposition on the membrane surface and prolonging the operating period below the critical trans membrane pressure (TMP). Membrane performance measured in terms of membrane fouling was observed to be enhanced by gas sparging, and reports have shown improvements up to 63% when air is introduced [7] [8] [9] . Several mechanisms were identified: 1) bubble-induced secondary flow, 2) physical displacement of the mass transfer boundary layer and 3) pressure pulsing caused by slugs [10] . It has been found that bubbling can limit surface fouling (clogging and sludging), but not internal fouling (adsorption and pore blockage).
A comprehensive review of the effects of aeration on submerged MBRs reported that coarse rather than fine bubbling is the preferred mode to control fouling [10] . A general observation is that larger airflow rates decrease the rate at which the pressure rises due to fouling, but that enhancement reaches a plateau as gas flow rate increases [11] .
The benefits of bubbling appear to be most effective at low liquid velocities. At high liquid velocities, the performance becomes dominated by bulk liquid shear [10] . Studies on the gas sparging focus on the effect of overall gas flow rates, bubble size, and frequency [12, 13] . When bubbling is applied to the filtration processes, it was found that the fluctuation in shear stress affected the flux more than the absolute value of shear stresses induced by the bubbles. The peak of shear stresses induced by bubbling were up to 45% higher compared to when no bubbling was applied [14, 15] . It is important to highlight that the effect of shear stresses induced by gas sparging on fouling control is not well understood, as a result, a trial-anderror approach is required in order to find the best air sparging strategies. Nevertheless, the energy used for adding air into the system is a significant component of the operating cost for MBR systems (i.e. up to 40% of the total energy consumption). That is the main reason why a hydrodynamic model of submerged MBR is required to better understand the shear stress induced by air sparging, and to identify optimal air sparging scenarios and membrane module configurations that optimize the magnitude and distribution of shear stress. Therefore, dedicated experiments are needed to fully understand the hydrodynamics of this two-phase flow. Moreover, insight can be obtained using computational fluid dynamics (CFD). CFD hydrodynamic models are commonly used for design and optimization of processes. This study gives an overview of recent development using CFD in modelling hydrodynamics in two types of submerged MBR systems: 1) hollow fiber (HF) (GE -Zenon) MBR, and 2) hollow sheet (HS) (Alfa Laval) MBR.
Materials and methods

Membrane aeration
Aeration is necessary in order to have a scouring effect over the membrane surface. In practice, the membrane aeration value is not defined theoretically since the relationship between aeration and permeate flux decline is currently not well understood [1, 16] . The contributing factor to energy demand in submerged systems is the specific aeration demand imparted to the membrane (SAD m ), which is the ratio of aeration rate (Q A in m 3 /h) to membrane area (A in m 2 ) as
The specific aeration demand imparted to the permeate volume attained (SAD p ) is the ratio of aeration rate to permeate flow (Q p in m 3 /h) following equation:
The aeration rate (Q A ) and the permeate flow (Q p ) are defined respectively
where J is the permeate flux (m/h), A x is the open cross-sectional area (m 2 ) and U is the module upflow aeration velocity. The air flow velocity in the channels for the hollow fiber (HF) and hollow sheet (HS) are defined as follows [17] .
where L is the length of the membrane module in m, δ is the channel space separation in m for the HS, ϕ and d are the packing density [m 2 /m 3 ], and external diameter of the fiber [m], respectively, for the HF. For a given aerator system at a fixed depth in the tank, the blower power consumption (E A in kW) is defined by [1, 18] :
where k = p atm T λ 2.73 × 10 5 e(λ − 1)
and p atm is the atmospheric pressure (= 101 325 Pa), T is the inlet temperature [K], e is the blower efficiency (∼ 0.56), λ is the ratio of specific heat capacity at constant pressure to specific heat capacity at constant volume (c p /c v = 1.4 for air), ρ w is the density of water (998.28 kg/m 3 at 20 o C), g is the gravity acceleration (= 9.81 m 2 /s) and h is the height of water above the air diffuser [m]. Dividing Eq. (7) by the total membrane module area (A) to which the flow rate (Q A ) applies, the power per unit membrane area (W m in kW/m 2 ) is then obtained [1] 
which divided by the permeate flux (J) gives an expression for the membrane aeration blower power demand per unit of permeate volume
where A x is the open cross-sectional area. Equation (10) shows two aspects regarding the design energy consumption for submerged MBR [17] : 1) the energy demand increases proportionally with A x , which is higher for HS compared to HF. The limiting, lower value of A x is related to the propensity of membrane channels to clog, and 2) the membrane area (A) can be increased by increasing the length of the module (L) without detriment to the required volumetric aeration rate (Q A ). However, increasing module length increases the aerator depth (h), which will increase the energy consumption.
Activated sludge viscosity
Viscosity (µ) is a property that influences the hydraulic regime and transport phenomena. It is defined as the ratio between shear stress (τ ) and
The viscosity of Newtonian liquids (e.g. water) exhibits a linear shear stress and shear rate relationship and hence, a constant viscosity. However, some particulate suspensions (e.g. activated sludge in MBR), exhibit pseudoplastic (non-Newtonian) behaviour [19] [20] [21] [22] where the apparent viscosity (µ a ) can be related to the shear rate according to a power-law relationship:
where k and n are the consistency index [Pas n ] and the flow behaviour index [-] , respectively. For activated sludge in MBR, Rosenberger et al. [22] proposed empirical models for k and n as function of the total suspended solids (T SS) (g/L):
Shear stress in bubble columns
In bubble columns, the power input per unit volume of liquid is related to the specific energy dissipation rate, which depends on the shear rate and shear [23] 
where V in the volume of fluid (i.e. water volume above the air diffusers). Combining Eqs. (15) with (11) and Eqs. (15) with (12) for Newtonian and non-Newtonian fluids, respectively gives [23] 
2.4 Experimental setup
Operational conditions
The operational condition of these two MBR systems is summarized in Tab. 1 and in Appx. A. 
HF MBR
The shear stresses were measured exclusively for the HF MBR system using an electrochemical method [24] [25] [26] . With this method, the shear stresses at a surface can be estimated based on the diffusion limited current passing from a cathode (shear probe), embedded flush to the outer surface of teflon tubes (similar in diameter and flexibility to the HF), to an anode, through a reversible ion couple solution in which the surface is submerged (electrolyte). A total of 60 shear probes were constructed. The shear intensity measured in volts can be converted to shear stress (in Pa) using
where V 0 is the voltage signal (V), R is the resistance (= 100 Ω), G is the amplifier gain (= 1000), v e is the number of electrons involved in the reaction (= 1), F is the Faraday constant (= 96 500 C/mol), d e is the diameter of the probe (in m), C o is the bulk concentration of ferricyanide (= 3 mol/m 3 ) and D is the diffusion coefficient of ferricyanide (6.6×10 −10 m 2 /s) at 16.5 o C [27] . The 36 shear probes (Fig. 3a) are located in the membrane modules for three coronal planes (Fig. 3b) [28] . The probes record the absolute wall shear stress value (no direction). 
HS MBR
Experimental shear stress measurements were not made for this system. Nevertheless, velocity measurements were performed using micropropellers (MP) inside the module channels and the results are presented in [29] . It is important to highlight that the experiments were carried out with air and water. Nevertheless, using water instead of activated sludge can give an insight into the hydrodynamics of the process.
Computational fluid dynamics models
Two CFD models were developed to simulate the two pilot-scale submerged MBR systems. The CFD packages used to simulate the HS module and the HF module were ANSYS CFX v13 [29] and ANSYS Fluent v6.3 [32] , respectively, for which shear maps have been developed for different sparging conditions over the membrane surface (see Tab. 1). These CFD models contain the mixture model (also known as the algebraic slip mixture model (ASM)) which is a simplified multiphase model that allows the phases to move at different velocities. It assumes the phases to be in interpenetrating continua (nonmiscible). It models two phases by solving the momentum and the continuity equation for the mixture, the volume fraction equation for the secondary phase, and an algebraic expression for the relative velocity. It does not assume that there is an interface between the two immiscible phases and mass transfer is not allowed. This model is commonly used to modelling bubble columns. To properly capture the shear value at the wall of the membrane, a fine grid was built where the shear stress has an impact. The k-ε turbulence model with enhanced wall treatment was used to properly capture the shear stress at the membrane wall. This turbulence model is commonly used to modelling bubble columns [30] . To initialize the simulation, the system starts without gas (still liquid) and after the specific flow rate of the gas is defined for each diffuser, there is no inlet of liquid and no permeation occurring. To solve the momentum transport equation, the QUICK (quadratic upwind interpolation) scheme was used [31] , which increases stability of the solution, provides a faster convergence and has 4th order accuracy. For pressure, the body force weighted (BFW) scheme was used which captures buoyancy and increases stability in the solution.
For the pressure-velocity coupling, the pressure implicit solution by split operator method (PISO) scheme for faster convergence was used [31] .
3 Results and discussion
Membrane aeration
The specific aeration demand for the membrane and for permeate volume , as well as aeration velocity, open x-sectional area, blower power, power per unit membrane area and per permeate flow are presented in Tab. 2. The blower power is shown in Fig. 4 . As seen in Fig. 4 , the HS MBR air blower consumes more energy compared to the HF MBR, which is expected as it uses larger air flow rates. Based on that, the blower power per membrane area can be an indicator of the energy consumption, as it is shown in Fig. 5 . From Fig. 5 it is observed that using the blower power per membrane area, the HF MBR uses 20% less energy than the HS MBR at low air flow rate (5 m 3 /h). However, once the air flow rate increases, the HS MBR requires 25% less energy that the HF MBR in terms of blower power. The final indicator in energy consumption, is related to the blower power per permeate flow and it is presented in Fig. 6 . As seen in Fig. 6 , using the blower power per permeate volume, the result is the same as when using the blower power per membrane area. Therefore, as low air flow rates, the HF MBR is more efficient than the HS MBR. On the other hand, at larger flow rates, the HS MBR is more efficient than the HF MBR. 
CFD results
In the previous section, it was mentioned that the HS MBR performs better than the HF MBR in terms of energy consumption per membrane area and per permeate volume. However, it is necessary to determine the air distribution within the module and the shear stress over the membrane surface. For this reason a CFD model was built. Figure 7 shows the distribution across the HF (Fig. 7a ) and HS (Fig. 7b ) MBR modules. The air is well distributed within the frame, and it is possible to see that there are no pronounced dead zones between the filtration sheets. 
Air distribution
Wall shear stress
The particle scouring/shear stress (reduction of fouling) is generated from the cross flow induced by the air bubbles. A good agreement between the experimental measurements of shear stress and the CFD simulation was obtained ( Fig. 8 ) [32] . The average shear stress estimated using CFD was similar in magnitude to the one measured experimentally. Nevertheless, the shear patter is not well represented by the CFD simulation. The reason for this is that the HFs are not completely fixed and they move and sway in the bundle due to the bubble induced turbulence. The overall average of shear Figure 8 . Comparison of the shear stress contours for the experimental measurements and CFD simulations for an air flow rate of 15 m 3 /h for 3 different coronal planes (Fig. 3b ) for HF MBR [32] .
stress for the planes that were measured experimentally and simulated is presented in Tab. 3. Table 3 . Overall average shear stress for the three different sparging conditions for experimental data and CFD simulations for HF MBR [32] . Table 3 indicates that the error is less than 8% in term of shear stress, which shows that the average shear stress of the CFD simulations is similar to the experimental condition. This proves that the CFD model is reliable, at least in terms of average shear stress. However, as discussed earlier, the shear profile over the membrane surface is different. As mentioned previously, experimental measurements on shear stress were not performed for the HS MBR (Section 2.2.3). However, experimental velocity measurements were performed and a proper validation in terms of velocity profile was made [29] with error up to 11%. Therefore, it is possible to infer that the CFD model built for the HF MBR is accurate in terms of the shear stress. The results of two sheets are shown in Fig. 9 . The overall average of shear stress for the planes is presented in Tab. 4. 
The correction factor, m was found using SPSS v15 (Statistical Package for the Social Sciences, IBM Corporation) [33] and a value of 0.718 ± 0.021 was determined with 95% confidence interval, with the correlation coefficient (R 2 ) equal to 0.928. This correction factor implies that the relationship for bubble columns is overestimated by 28% if is used for MBR systems (Fig. 10) . The reason for this is that the membranes placed inside the bioreactor decrease the shear stress induced by the bubbles. Figure 10 shows the comparison of the average shear stress for the theoretical expression Eq. (16), the experimental data, CFD simulation and the new expression Eq. (19) which includes the correction factor. Figure 10 clearly shows that the relationship for bubble columns is overestimated for the MBR system. Therefore, a new relationship is made including a correction factor to account for the membranes placed inside the bioreactor. The relationship made in this contribution can be used for either HF or HS MBR which broadens its applicability. However, it is important to highlight that this empirical relationship is only valid for a system with similar geometries working under similar operational conditions. As experimental wall shear stress measurements (i.e. electrolyte solution) cannot be used with activated sludge due to the heterogeneity of it. It is necessary to extrapolate the results obtained from the CFD simulations of water to activated sludge. The blower power equation (7) is independent of the viscosity, and the density of sludge is just 0.2% larger than water [18] . Thus, it should not affect the results of the blower power. Therefore, Eq. (17) can be modified directly including the correction factor (m), then, the linear relationship for activated sludge becomes:
The result for three different total suspended solids (TSS) concentrations is presented in Fig. 11 . Figure 11 . Average shear stress vs. EA/V for water and three TSS concentrations (8, 10 and 12 g/l. Figure 11 , shows that including the non-Newtonian behaviour of sludge, the average wall shear stress is roughly 3.5 times larger than for water. Based on that, it is possible to affirm that including the viscosity in shear stress analysis is a must in the study of MBR systems, for experimental measurements and CFD simulations.
Conclusions
Two CFD models were developed: HF and HS MBR. For the HF system, experimental measurements (i.e. shear stress) were made and the results were compared with the CFD simulations. An error less than 8% was found between the measurements and CFD simulations in terms of average wall shear stress. For the HS system, experimental measurements (i.e. velocity) were completed and the results were compared with the CFD simulations. An error less than 11% was found between the measurements and CFD simulations in terms of velocity profiles. This proved that the CFD model was reliable. It can be concluded that:
• Blower power consumption depends on the air flow rate. Therefore, the HS MBR has a larger energy consumption, due to the high air flow rates applied to the systems, compared to HF MBR. Considering the blower power per unit of permeate (the two MBR systems operates at the same permeate flux), the HS requires less energy per cubic meter of permeate.
• The shear stress relationship (Eq. (16)) for bubble columns is overestimated for MBR systems by 28% compared to the CFD results. The reason for this is that the relationship for bubble columns does not take into account the membranes placed inside the reactor, affecting the bubbles movements.
• A new relationship was made (Eq. (19) ) which includes a correction factor to account for the membranes. This relationship can be used for both systems; HF and HS MBRS. However, as it is an empirical relationship, care must be taken if used in systems with different geometries and different operational conditions.
• An extrapolation to determine the average shear stress in MBR systems was made to account for the non-Newtonian behaviour of activated sludge (Eq. (20)). The viscosity was found to have a strong impact on the average shear stress (up to 3.5 times larger than water); therefore, it should be considered for design purposes and future CFD models.
APPENDIX A
The geometrical description of the variables presented in Tab. 1 is presented in Fig. A1 . Figure A1 . Schematic of a tank with a membrane module.
The hollow fiber (HF) and the hollow sheet (HS) of the submerged membrane bioreactors (MBR) are shown in Fig. A2 . 
